HEDL-TME 73-30

. ‘ ENDE-171
UC-79d

NEUTRON RESONANCE SPACINGS
FOR SPHERICAL NUCLEI

F. SCHMITTROTH
JANUARY 1973

I——MNOHCE‘“—”—‘——“——
This report was prepared as an accouni of work

sponsored by the United Siates Governmeni, Neither
the United States nor the United States Atomic Energy
Commission, nor any of their employees, nor any of
their coniractors, subcontraciors, or their empioyees,
makes any warranty, express or implied, or assumes any
legal Hability or respounsibility for the accuracy, com-
pleteness or usefulness of any information, apparatus,
product or process disclosed, or represents that its use
would not infringe privately owned rights, N

HANFORD ENGINEERING DEVELOPMENT LABORATORY  P.0. Box 1970 Richland, WA 99352

Operated by Westinghouse Hanford .company .
.A Subsidiary of Westinghouse Electric Corporation

Prepared for the U.S. Atomic Energy Commission
Division of Reactor Development and Technology
under Contract No. AT(45-1)-2170










NEUTRON RESCONANCE SPACINGS

‘FOR SPHERICAL NUCLEIL

F. Schmittroth

ABSTRACT

Theoretical single-particle level densities ave computed for a Woods-
Saxon potential to estimate average neutron-resonance spacings for spherical
nuclet. This average spacing Dobe 18 a key parameter for neutron-capture
caleulations. Experimental valueg for D pe? which are evaluated for about
85 nuclei using recent data, are used to improve the theoretical estimates.
Special care is given to the identification of p-wave resonance in these
evaluations.
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I. INTRODUCTION

In ovder to compubte average neutron-capture crogs sections, one wmust
know the average spacing between the resonances seen in low energy neutron
scattering(l)@ In fact, these cross sections are roughly inversely propor-
tional to the average neutron-resonance spacing, so that any uncertainty in
this spacing is direcily reflected in the computed cross sections. At low
energies, most of the resonances are due to s-wave neutrons, and we denote
the average spacing observed between s-wave resonances by Dobs” Unfortu~
nately, for many fission-product isotopes where theoretical capture cross
sections are needed, too few neutron resonances have been measured to give
reliable estimates of Dobs° If experimental neutron—-capture data are avail-

able in these cases, Dobs may be treatsd as an adjustable parsmeter. Other-

wise, it is necessary to have some other way to estimate D@bse

There is a long history of thecretical attempts to predict the average

s (2=7) \ . .
regsonance spacing Debs . This spacing represents a direct measurement

of the demsity of levels in the compound nucleus ai the neutron binding
energy and plays a fundamental vole in nuclear physics. In addition, there

(4,7)

have been phenomenclogical studies of Do s motivated by the reguire-~

b
ments of neutvon-capture calculations. In spite of this effort, there are
large discrepancies in the predicted values of Dobs given by various workers

for many isotopes. This is not surprising when one notes that values from

D vary from a few eV to many keV. However, even in the cases where Bo

obs bs

was determined experimentally, there may be large discrepancies among the

reported values due to poor data or to differing evaluation procedures.



In this work we have used recent theoretical developments to give im-

(8,9)

proved estimstes of D@hgg In particular, Strutinsky averaging applied
to a Woods-Sazxon shell-wmodel potential was usead to caloulste the average sin-
gle-particle level densities. At the same time we have made a literature

search for sexperimenial data(zﬁwzz}

in order te obtain the best possible ex-
perimental values for ngso These values were uzed to test rthe theoratical
results and to provide phenowmeunoclogical adjusiments to the theoretical pre-

dictions.

We have limited this study to spherical anuclei between copper (Z = 29)
and samavium {(Z = 62} te reduce the work that g wore cowprehensive study
would entail and to avoid the theoretical problems associated with deformed

. (8,8 . . s
nu@le;< ’ 3@ This region is important for our own neuviron capiurs work.

IT. THEORETICAL ESTIMATES OF D

bs

A, Level Density Formalism

In this section we present %hé theoretical basis for our snalysis. The
problem is to compute the density of levels in the compound nucleus at an
excitation energy equal to the binding energy of the last neutvon. Hearly
all recent theoretical work begins with the independent-particle model of

gzg}é Statistical

the nucleus with corrections made for vesidual interactions
mechanics can then be used te relate the density of levels in the compound
nucleus to the density of states for the individual neutrons and protons (see

(3)

for example the work of Gilbert and Cameron whese formalism we follow

here).

The density of levels in the compound nucleus p(E) is related to the




single-particle states by

1

() = —=———
(2m)2 [D(Q)

axp (Q-aNﬁmazZ—aMM+SE}9 (L

where N, Z, ¥, and E are the total number of neutrons, the total number of
proténs, the magnetic quantum number, and the energy, respectively. The
temperature is t = 1/8, while the ai's are appropriate chemical potentials.
The denominator D(Q) is a Jacobian of Q. The detailed single-particle prop-
erties are found in @, which for the independeni-particle model of the

nucleus, is given by

Q = QN + QZ,

and oy =§§ log [l + exp (&N+u3mNi—6€Ni)j, (2)

with a similar expression for QZ' The i-sum is over all single-particle
neutron states. The neutron energies and magnetic quantum numbers are de~

noted by eNi and Lo respectively.

In order to arrive at a simple expression for the level density, the

‘i=sum in Bg. (2) is replaced by an integral over the single particle level

density:

Z log [1 + exp (@N+a3mNi_S€Ni)]

i

HH

zg jf ds.{gN(a,mN) log [1 + exp (aN+a3mN~85)]} ’ (3)
Ty

3




where gﬁfggmN} is the density of neutron states with energy ¢ and magnetic

i |
quantum number e This "continuous approximation’ breaks down for very low
(24) (25)

excitation energies . Roseunzeig has shown there mavy be errors intre-

duced by this approximation even at the higher energies that interest us.
Theze effects have never been conclusivaly observed, however, and we do not

consider them further.

After a2 considerable amount of algebra and a few less significant ap-
proximations, one finds the following expression for the density of levels

at energy E with spin J:

i
v (J4+2)2
o 2J+1 L
o (E,3) = ——2THL) spl- | e VI ). @)

24,/2 o3 2l U¥, i
This density includes both parities but doss not include the (2J41)
m-degeneracy. The effective excitation energy is U = & - F vhere P ig 2

. e s (28) |
phenomenclogical value for the paiving. A more fundamental approach is
to introduce the pairing interaction directly into Eq. {2). However, the
resulting equations are very complicated. The single-particle level den-

sities for neutvons and protons are combined into the single pavameter a:

]

T % & (5)




. where By and g, are the total single-particle demsities for neutrons and

protons, respectively

gy (el =5 gy (em)
&

gy(e) =2 gylem) (6)

oy

g = gyteg,
The spin-cutoff parameter ¢ is given by

o2 =g @Dt , (N

where the nuclear tewperature is found from

1
e=% ¢ /% . (8)

The average square magnetic quantum number is defined by

<m2>g(e) =T nf gyle,m) +3 ulg (s,m) (9
o, .




Since s-wave neutrons excite only compound nucleus states with a single
parity and with spin J = I + 1/2 where I is a nonzero target spin, the ob-
served s-wave spacing of neutron raesonances ﬁ@%g is related to the density

p(E,J) by

@{En$§} . (10)

For I = O, the only term in the sum ig J = %} Eﬂ ig the neutron binding
energy. This last segquation complstes the connection between observed neutron—

resonance spacings and single-particle level densities.

With the above formulas, the level density p(E) can be computed once
the level density parameter z is known. From Eg. (3), it is seen that the

average single-particle densities 8y and g, should represent averages over

Z
an energy vegion of about 1/8. Sifuﬁi@gkyég} has given 2 simple prescrip-
tion for averaging shell-model level demsities. Although he used his method

to find shell-model corrections to liquid-drop enevgles, it is nonetheless

suitable for ocur purposes.

B. Strutinsky-Averaged Shell-Model Densities

In this section we show how to find 2y and gy from single-particle
states generated by a Woods—Saxon potential. The neutvone and protons are
treated independently throughout so that it is convenlent to define s sub-

script 8 to represent neutrons (s = Nj or protons (s = Z).




Given a set of neutvon and proton single-particle energies (Els’

€ «.+), Strutinsky's prescription is to use a CGaussian weighting function

2s’

to compute the average level densities

1 (gfs—gis)2
B, (eg) = 7 exp |- —pt— (11)

where {Efs’ s = N,Z}are the neutron and proton Fermi energies, and v defines
the weighting interval. As expressed here, the i-sum must include any

single-particle degeneracies.

The actual number of neutrons or protons which corrvespond to a given

Fermi energy is found from

£
fs
NS(EfS) =/gs(a) de . (12)

0

A rather annoying systematic dependence of these densities on the

total atomic mass may be removed by defining a mass independent energy c:
e = ho ¢ . (13)

i
where the mass dependence is given by the factor hw = 41 / A/3 With this

change of variable, Egs. (11) and (12) become



g@ égfg} = exp w s {14)

and
$§5
NS (efg} xfgs(g} de . (15)
0.

where

e=¢ [/ hw {16a)
for all energies, and

Y=y /% (16b)

g, =hwg . (16c)

C. Calculation of Single-Particle Energies

Since we have restricted ocur work to the wmass region where nuclei are
spherical, we use z Woods-Saxen potential to calculate the single-particle
energy eigenvaluesé sis} . That is, we find solutions to the single-particle

Schroedinger equation




(T + V) ¢is =g, ¢, (17)

is Tis .

where the ¢is are the eigenfunctions for a particle bound iun a potential
well V(r) with kinetic energy T. (Recall that s = N,Z for neutvons, pro-

tons.)

The potential energy for neutrons is given by(27)

V) = v £ +v T ed - 4L (182)
where

E(r) = [1+exp ED)™ (18b)
with

Vo= s+ 33 (58 (18¢)

V=044V, (184)

R=r_ 4 A, r = 1.27 (18e)



and

a = (.67 . {18%)
For protong, a coulomb potential is added and VG becones

v o= -s1-33 (55 (19)
A1l energy units ave in MeV, and lengths are in Fermis.

Figure 1 shows the single~particle energies € g in units of Huw for
both neutvons and protons. The mass number A used Lo calculate each differ-
ence was determined as follows: The number of neutrons or protons, as the
case may be, was taken te be the’avarage of the occupation numbers for the
two successive levels. The line of beta stability was thes used to velate

the mass number A to the number of neutrons or protons.

The above equations were used to find ég%gfg} and §§{§§S}§ The occupa-
tion numbers ﬁS{Z§S>% shown in Figure 2 for neutrons, weve then used to ob~
tain the level densities gg as a function of the occupation numbers N .
These vesults, displaved in Figure 3, are expressed in terms of the level
density parvameters 2, and show how the single-particle level densities vary

with the number of neutrons or protons.

The averaging width v should be typical of the temperature t = éé

which appears in Eq. {3). The excitation energiesz of the compound nucleus

10
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are essentially the nesutren binding eﬁ@fgi@s? gn ¥ 6 MeV. With a represen—
tative value of 15 %e?”l for the level density parameter z, we find (Eq.
{(8)) £ T .63 MeV. We have usad v = .2 -Hw in our calculations, which corre-
sponds to v = 1.7 MeV for mass A ~ 100. Although this v is somevwhat lavger
than typical tempersitures, we find that a smaller v does not sufficiently

smooth the levels.

The most striking feature of the single-particle level densities is
the well-known minima at the wmagic numbers ¥ - 20, 28, &0, 82, .... Thus,
nuclei neasr-magic numbers have very ggali level densities. Notice slse
that in addition to the sharp minims due to shell effects, there is a grad-

ual increase in the level densities with W or Z. This behavicor can also be

@
o

explained by the liguid-drop model of the nucleus.

I1l. EXPERIMENTAL LEVEL DENSITIES

A, Introduction

in the previocus section, we presented theoretical estimates for the
single-particle level densities g, which in turn may be used to computs com-
pound-nucleus level densitises, and finally, the ohzerved s-wave resonance

spacing Do In this sesction we examine experimental values of ﬁﬁ% . As

bs " s

explained eaviier, these values are needed to test and to refine our

theoretical estimates.

In spite of recent evaluations there are important discrepancies for
many isotopes as seen in Table I, where we compare our results with those

of other evaluations., Some of the differences are due to different methods.

14




Experimental and Theorstical Valuss fovr the

s-wave Resonance Spacing, D

obs
giiizis Beﬁzi(&} i*/iusgmve{m E&baicé Exp, Theoxsy Ref.
2903 1216 813 1060 8363107 553 10
200u®? 1308 1150 1170 | 13375288 1502 10
302a2% 4300 2450 3400 | 3s18ti230 | 20m 11
30256 6000 4200 5600 | 3251869 6340 11
30za%7 523 671 720 605258 350 11
3102%? 336 232 320 323%109 159 11
316a’t 352 252 190 140%70.9 214 11
326’ ° 3542 1690 2000 | 13893248 1684 12
3200”2 3790 1230 39000 | 17877499 1674 12
326’3 96 124 77 | 74.8T10.8 82.2 | 12
326’ * 5304 3030 8500 | 498771180 | 3349 12
326e’° 3489 6270 8000 | 5430%1490 6738 12
33487 74 60.3 87.3 | 75.4%16.3 67.4 | 11
4ge’ 1628 629 200 353%97.5 329 13
345e’ © 1237 1950 1200 954¥182 944 13
%ge’ ! 100 140 150 | 89.8%11.5 97.6 | 13
348’0 1141 2650 4500 | 2540%300 1875 13
3456°° 5598 3110 1600 | 2002%165 4632 13
345¢%2 2927 15300 6900 | 9136t2300 | 38300 13
358’0 45.2 48.4 61 1 63.1%17.5 55,9 | 11
35850 90 56.3 52 103%54.4 129 11
37Rb5° 127 72.7 1100 308186 272 11
378657 1319 1220 1800 503¥390 2150 11
38554 425 367 350 4407109 672 11
38550 2167 2470 2100 | 1975%062 3827 i1
385:57 308 301 210 324%87.2 345 11
385c°0 7000 21100 12000  |47010%19400 | 18270 11
307%? 2505 1990 1600 | 34785779 1745 i1
40220 6254 6850 3300 | 52825095 6572 14
40227t 572 646 250 5075121 317 15

[
L



Table I {continusd)

Target
Nucleus Benzi f ;
é@zrgz " Musgrove Baba Bap Theory Ref
2 Ia’ oy F & ?A”m :
o, 890 3400 2300775 3178 15
r 3982 3410 3300 ¥33 -
o 568973130 2018 15
7r 4117 2030 1100 136532
.. 1136324 1609 13
41Nb 87 122 36 5.7% .
e gg .0 189.7716.0 101 11
2 82, 1 *.
e 2 100 114535, 2 127 16
o 907 1340 1200 1387%
e : 200 13875597 1313 16
o 75 91.2 120 7.5317.7
e - . 77.5%17.7 62.9 16
, 5 10 ; 14¥
o o 10 790 10142112 1021 16
42Mo 1561 1200 400 3397
e o 4¢ 133971040 1253 16
® .Se y ) g %‘ 5
- ﬁ 25.0 200 34,64, 52 36.9 17
Ru 17 13.8 15 373, 8 f
e 5 18.3%3.80 11.5 17
4Ru 662 784 *
i , 2855810 679 17
5Rh 33 27.3 10.3 | 27.4%3.07 o
éé§,1@5 0.3 27.4-5.07 27.9 i1
d 9.55 12.8 11.1 | 16.1%7
| 1oe 1.1 10.1-1.,60 9,62 i1
47Ag 21 11.8 50 | 32.2%8.45 g
s 50 32.2%8.45 15.5 18
Ag 1 11.8 19.1 | 19.5%2, 54
éggdlii i 19.1 19.5=2.5&4 28,9 18
‘ 30 33,9 34 32.4%7.0 .
éggéiig 4 32.4-7.03% 28,8 i1
25,9 22.7 27 25, 9%a ¢ )
i!g lig b‘cf u‘?ed% gm;j,a éf}; %592 ijﬁi
49Tn 7.32 5.68 7.1 | 23.9%5
. s .1 22.9-5.08 15.0 19
91n 9.14 5.74 9.5 a )
e . 9.5 | 11.6%.996 24.0 19
n 57 20.0 6 57.9% X
Sasﬁllg o 55,0 57.2=18.3 88,2 i1
1 11 7 * )
" > 00 730 6145192 1250 11
n 77 93.8 62.0 + )
- 62.0 | 179%25.7 114 11
Sn 1531 543 240 7447 -
o > 7445577 1807 11
Sn 2116 1100 18867 .
o > 488623780 3008 i1
& W7 i ¢ 14 . Qn%m‘ 5
s 2.5 13 13.731.65 11.3 11
34 27.1 30 *
e 0 23.4%6.03 19.8 11
e 195 120 130 *16 0
- , 132516.0 102 20
2Te 19 24,0 33 t
" | 26.3%4.07 13.5 20
Te 499 293 475125
147%12.5 199 20
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